INTRODUCTION
============

Pemetrexed is an important component in the treatment of advanced non-small cell lung cancer (NSCLC).[@B1] Pemetrexed acts as a multi-targeted antifolate compound by interrupting purine biosynthesis via thymidylate synthase (TS) and dihydrofolate reductase (DHFR) inhibition and pyrimidine biosynthesis via glycinamide ribonucleotide formyl transferase (GARFT) and aminoimidazole carboxamide formyl transferase inhibition, all of which are key enzymes involved in folic acid metabolism.[@B2]

Because TS activity is high in rapidly proliferating cells,[@B3] it is considered an ideal target for cancer chemotherapeutics. The variable number of tandem repeats (VNTR) and single nucleotide polymorphisms (SNPs) in the 5\'-untranslated region (UTR) in the TS promoter have repeatedly been shown to be correlated with treatment outcomes in patients with gastrointestinal malignancies who receive fluorouracil.[@B4] Furthermore, functional gene polymorphisms of DHFR, methylenetetrahydrofolate reductase (MTHFR), and GARFT have been shown to be correlated with outcomes in patients with rheumatoid arthritis who are treated with methotrexate.[@B5],[@B6]

In NSCLC, TS and DHFR expressions have been associated with sensitivity to pemetrexed.[@B7],[@B8] Moreover, Smit, et al.[@B9] reported that, among NSCLC patients who were treated with pemetrexed, those with MTHFR C677T had longer survival compared with patients with other genotypes. However, the prevalence of polymorphisms of key proteins in folate metabolism has been shown to differ among various ethnic populations,[@B10] and more research is needed in Asian patients.

We hypothesized that certain SNPs of TS, DHFR, and GARFT, the key enzyme targets of pemetrexed, might be predictive markers for the efficacy and toxicity of this agent. Thus, we examined the association between TS, DHFR, and GARFT SNPs and the clinical outcomes of NSCLC patients treated with pemetrexed.

MATERIALS AND METHODS
=====================

Eligible patients and treatment
-------------------------------

Ninety patients with advanced NSCLC were enrolled in this study. Eligible patients were those diagnosed with cytologically- or histologically-proven lung adenocarcinoma, who had an Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0-2, and who had previous treatment with more than one prior chemotherapy regimens for advanced NSCLC at Yonsei Cancer Center, Yonsei University College of Medicine, Seoul, Korea, from January 2007 to December 2010. Baseline characteristics were age, gender, clinical stage, ECOG PS, histological type, smoking history, and number of prior chemotherapy regimens. Histological analysis of tumors was based on the WHO classification of cell types.[@B11] Patients received 500 mg/m^2^ of pemetrexed every 3 weeks until disease progression, intolerable toxicity, or patient refusal. All patients received supplementation with folic acid and vitamin B~12~.

Patients were evaluated every 6 weeks by computed tomography and clinical response was defined according to the response evaluation criteria of Response Evaluation Criteria In Solid Tumor (RECIST) 1.1 for patients with measurable disease.[@B12] Toxicity was scored every 3 weeks according to the Common Toxicity Criteria-Adverse Events version 4.0. All patients had provided written informed consent and the study protocol was approved by the Institutional Review Board of Yonsei University College of Medicine (No 4- 2008-0647).

Genetic analysis
----------------

Genetic analyses were blinded to patient characteristics and clinical outcomes. Genomic DNA for analysis of polymorphisms was isolated as described previously[@B13] from each patient\'s peripheral blood. DNA sequencing was performed according to the manufacturer\'s instructions (Applied Biosystems, Foster City, CA, USA) for all genes. Genotyping was performed for four DHFR sites (1610, 680, and 317 in the promoter, and a 19bp deletion), two sites in MTHFR (677 and 1298), one site in GARFT (2255), and the TS 5\'UTR VNTR and C/G polymorphism within the third VNTR in the TS promoter. DNA amplification was performed using a PTC-200 thermocycler (MJ Research, Waltham, MA, USA). DNA sequencing was performed using a BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA) on an ABI Prism 3100 DNA analyzer (Applied Biosystems, Foster City, CA, USA) for all genes. The primers used for amplification and sequencing were as follows: DHFR C1610T (sense: 5\'-GCCCCCGCCGACAAAAGGGACCCTTTCTCCA-3\'; antisense: 5\'-GTTCACCCATAGGGTTTCC-3\'), DHFR C680A (sense: 5\'-CCCCCGCCGTTCATTGCAATTTAAGTGTTTCC-3\'; antisense: 5\'-ATACTGCCACAGGAAAAGCC-3\'), DHFR A317G (sense: \'-GCAGCTTTCTTCTAGTCACCC-3\'; antisense: 5\'-GTAGGTTCTGTCTGGGACTGG-3\'), DHFR intron 19bp (sense: 5\'-ATGGGACCCAAACGGGCGCA-3\': antisense: 5\'-AAAAGGGGAATCCAGTCGG-3\'), MTHFR C677T (sense: 5\'-AAGGAGGAGCTGCTGAAGATG-3\'; antisense: 5\'-CTTTGCCATGTCCACAGCATG-3\'), MTHFR A1298C (sense: 5\'-AGGACG GTGCGG TGA GAGTG-3\'; antisense: 5\'-CAC TTT GTG ACCATT CCG GTT TG-3\'), and GARFTA2255G (sense: 5\'-TTTTTCAGATGCCCAG ACCT-3\'; antisense: 5\'-GAGTAAGGAGCAAGTACCTTCAGC-3\'). TS 5\'UTR VNTR and C/G polymorphism within the third tandem repeat (sense: 5\'-AAAAGGCGCGCGGAAGGGGTCCT-3\'; antisense: \'-TCCGAGCCGGCCACAGGCAT-3\').

Statistical methods
-------------------

The associations between each genotype and other categorical clinical variables were compared using the χ^2^ test or Fisher\'s exact test. Progression-free survival (PFS) was defined as the time from the start day of pemetrexed treatment until the date of tumor progression or death. Overall survival (OS) was measured from the start date of pemetrexed therapy to the date of death or final follow-up. In the absence of death, OS was defined using the time of the last visit. Survival data were estimated using a Kaplan-Meier curve and compared using the log-rank test. A *p*-value of less than 0.05 was considered statistically significant. SPSS software version 15.0 was used for statistical analyses (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Patient characteristics
-----------------------

The demographic characteristics of the subjects are shown in [Table 1](#T1){ref-type="table"}. The median age of the patients was 59 years (range, 34-85), 36.7% were female, and 42.2% had never smoked. Forty-nine patients (54.4%) received pemetrexed as a second-line chemotherapy agent. The majority of patients (86.7%) had good PS (ECOG PS 0 or 1).

Association of baseline characteristics and genotypes with response to pemetrexed therapy
-----------------------------------------------------------------------------------------

Response was evaluated in 88 of 90 patients. Two patients were lost to follow-up before response evaluation. One patient achieved complete remission and 13 patients had a partial response, giving a response rate of 15.9%, and 41 patients (46.6%) had the best response, which was stability of disease. No association was found between response rate (RR) and age, gender, and smoking. However, patients with an ECOG PS 0-1 or those who were treated with pemetrexed as a second-line agent had a higher RR than patients with an ECOG PS 2 or those who were treated with pemetrexed as a third- or fourth-line agent ([Table 2](#T2){ref-type="table"}). On the other hand, male patients, patients with a good PS, and those who were treated with pemetrexed as a second-line agent had a higher disease control rate. [Table 3](#T3){ref-type="table"} shows a comparison between the genotypes and response to pemetrexed. No significant association was found between response and any of the genotypes of DHFR, MTHFR, GARFT, or TS 5\' UTR ([Table 3](#T3){ref-type="table"}).

Association of baseline characteristics and genotypes with survival with pemetrexed therapy
-------------------------------------------------------------------------------------------

In all 90 patients, the median follow-up duration was 13.4 months (range, 0.5-52.2 months). The median PFS was 4.4 months (95% CI, 0.4-13.6 months), and the median OS was 23.1 months (95% CI, 16.8-29.4 months). Patients with good PS had longer PFS and OS than the patients with an ECOG PS 2. In addition, patients treated with pemetrexed as a second-line agent had a longer PFS than those who were treated with pemetrexed as a third- or fourth-line drug. However, no significant differences were found between any each genotype itself and survival. The TS genotype was categorized into two groups: a high-expression genotype (2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC) and a low-expression genotype (2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC) as based on a previous report.[@B14] Patients with a high expression genotype had a longer OS than those with a low-expression genotype (31.8 months vs. 21.1 months, *p*=0.04) ([Fig. 1](#F1){ref-type="fig"}). In addition, 3RGCC/3RGCC or 3RGGC/3RGGC was associated with a longer PFS and OS as compared with other genotypes (PFS, 5.2 months vs. 3.7 months, *p*=0.03; OS, 31.8 months vs. 18.5 months, *p*=0.001) ([Table 4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). Good PS and treatment with pemetrexed as a second-line agent were independent predictive markers for PFS by multivariate analysis; however, neither TS 3RGCC/3RGCC nor 3RGGC/3RGGC were independent predictive markers. In addition, good PS was significantly associated with OS by multivariate analysis; however, neither TS 3RGCC/3RGCC nor 3RGGC/3RGGC were independent predictive markers for OS.

Association of genotype and toxicity from pemetrexed
----------------------------------------------------

The frequency of pemetrexed-related toxicity was less than 5% for all categories except hematologic toxicity and fatigue. There was no grade 4 hematologic toxicity and grade 3 neutropenia, anemia, and thrombocytopenia were experienced by one patient each ([Table 5](#T5){ref-type="table"}). Overall, 11 patients (12.1%) experienced grade 1 or 2 fatigue. Patients with DHFR C680C experienced fatigue more commonly than those with other genotypes (50% vs. 8.6%, *p*=0.008) ([Table 5](#T5){ref-type="table"}). With the exception of fatigue, no association was found between hematologic toxicity and other genotypes.

DISCUSSION
==========

We tested the hypothesis that genetic polymorphisms of the target enzymes of pemetrexed might be associated with its effects in the treatment of advanced lung adenocarcinoma, and found that the genotype of TS was significantly associated with survival and one DHFR polymorphism was associated with fatigue in patients treated with pemetrexed for NSCLC.

Preclinical data have previously shown that the RNA level of TS in tumors is usually lower in non-squamous NSCLC, as compared with squamous NSCLC, which may be responsible for the different activity of pemetrexed.[@B15],[@B16] In addition, TS is the main cellular target of pemetrexed, and the variable number of tandem repeat polymorphisms within the TS promoter has been shown to be correlated with treatment outcomes in colorectal cancer patients treated with 5-fluorouracil.[@B4] Nief, et al.[@B14] studied the association of TS G\>C genotype with TS catalytic activity and found that the TS genotype can be classified into low expression (2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC) and high expression genotypes (2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC). They also found that both mRNA expression and protein activity were higher in cells with the high-expression genotype. In the current study, when genotypes were grouped according to VNTR (2R/2R, 2R/3R, 3R/3R) without considering the G\>C polymorphisms, no significant differences could be detected in clinical outcomes for pemetrexed. However, patients with high expression genotypes by Nief\'s classification had longer OS than those with low expression genotypes (21.1 months vs. 31.8 months, *p*=0.04). Nevertheless, there was no difference of PFS according to TS genotypes by Nief\'s classification. Interestingly, TS 3RGCC/3RGCC and 3RGGC/3RGGC were significantly associated with both PFS and OS ([Table 4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). According to Nief\'s classification, 3RGCC/3RGCC was classified into low expression genotypes and 3RGGC/3RGGC into high expression genotypes. Also, there is no report about the association between the efficacy of pemetrexed and TS genotypes by Nief\'s classification, except the current study. Therefore, further validation and investigation of the efficacy of pemetrexed according to the classification of TS genotypes are needed.

DHFR is the primary target of methotrexate (MTX) and pemetrexed, and any polymorphism could be related to clinical outcomes for MTX. Dulucq, et al.[@B17] reported that DHFR promoter polymorphisms were associated with worse outcomes in acute lymphocytic leukemia. A recent study reported that DHFR gene downregulation was seen in pemetrexed-sensitive lung cancer cell lines.[@B18] However, Uramoto, et al.[@B19] reported no association between DHFR mRNA and protein expression and clinical response in NSCLC treated with pemetrexed. In the current study, no significant difference was observed in RR and survival according to the different polymorphisms of DHFR. Interestingly, the patients with DHFR 680CC experienced fatigue more frequently than the others (*p*=0.008). To our knowledge, our result is the first report of an association between DHFR polymorphisms and fatigue in pemetrexed treatment.

MTHFR is an enzyme that plays an essential role in the metabolism of folate and is also the target of pemetrexed. Two common polymorphisms associated with lower enzyme activity are 677CT and 1298AC, and the variant genotype MTHFR was found to be associated with an increased risk of various cancers.[@B20]-[@B22] In addition, Smit, et al.[@B9] reported that patients with MTHFR 677TT had a longer PFS than patients with other genotypes in NSCLC treated with pemetrexed. However, the current study showed no association between MTHFR genotypes and clinical outcomes or pemetrexed toxicity ([Table 6](#T6){ref-type="table"}).

Expression of the target enzymes of chemotherapeutic agents is expected to modulate the cytoxic effects in tumor and host cells and to affect clinical outcomes and drug toxicity. Direct quantification of target enzyme levels in tumor tissue has some methodological limitation, while genotypes of the target enzyme in peripheral blood are more easily studied. However, several clinical studies, including the current study, have failed to find a consistent correlation between target enzyme genotype and clinical outcomes in terms of therapeutic response or toxicity. Discrepancies between results might partly be due to differences in study design, tumor types, stage, ethnic differences, drug treatment, and the multifactorial nature of drug response.

In conclusion, TS 3RGG/3RGCC and 3RGGC/3RGGC are associated with survival, and DHFR 680CC is associated with fatigue in NSCLC treated with pemetrexed. However, further prospective studies will be needed to find a genetic marker that can be used in clinical practice to individualized drug therapy in NSCLC patients.
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Patient Baseline Characteristics

![](ymj-54-854-i001)

ECOG PS, Eastern Cooperative Oncology Group performance status.
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Correlation of Baseline Characteristics with Response to Pemetrexed
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ECOG PS, Eastern Cooperative Oncology Group performance status; RR, response rate; DCR, disease control rate.
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Correlation of Baseline Characteristics and Genetic Polymorphisms with Response to Pemetrexed
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DHFR, dihydrofolate reductase; MTHFR, methylenetetrahydrofolate reductase; GARFT, glycinamide ribonucleotide formyl transferase; TS, thymidylate synthase; UTR, untranslational region; RR, response rate; DCR, disease control rate.

^\*^2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC.

^†^2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC.
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Univariate and Multivariate Analysis of Progression Free Survival
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ECOG PS, Eastern Cooperative Oncology Group performance status; DHFR, dihydrofolate reductase; MTHFR, methylenetetrahydrofolate reductase; GARFT, glycinamide ribonucleotide formyl transferase; TS, thymidylate synthase; CI, confidence interval.

^\*^2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC.

^†^2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC.
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Univariate and Multivariate Analysis of Overall Survival
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ECOG PS, Eastern Cooperative Oncology Group performance status; DHFR, dihydrofolate reductase; MTHFR, methylenetetrahydrofolate reductas; GARFT, glycinamide ribonucleotide formyl transferase; TS, thymidylate synthase; CI, confidence interval.

^\*^2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC.

^†^2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC.
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Correlation of Genetic Polymorphisms with Toxicity
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DHFR, dihydrofolate reductase; MTHFR, methylenetetrahydrofolate reductase; GARFT, glycinamide ribonucleotide formyl transferase; TS, thymidylate synthase.

Low expression group, 2RCC/2RGC, 2RGC/3RGCC, 3RGCC/3RGCC; high expression group, 2RGC/3RGGC, 3RGCC/3RGGC, 3RGGC/3RGGC.
